2 Abstract: Although critical for studies of gut motility and intestinal regeneration, the in vitro 19 culture of intestinal muscularis with peristaltic function remains a significant challenge. Periodic 20 contractions of intestinal muscularis result from the coordinated activity of smooth muscle cells 21 (SMC), the enteric nervous system (ENS), and interstitial cells of Cajal (ICC). Reproducing this 22 activity requires the preservation of all these cells in one system. Here we report the first serum- 23 free culture methodology that consistently maintains spontaneous and periodic contractions of 24 murine and human intestinal muscularis cells for months. In this system, SMC expressed the 25 mature marker myosin heavy chain, and multipolar/dipolar ICC, uniaxonal/multipolar neurons 26 and glial cells were present. Furthermore, drugs affecting ENS, ICC or SMC altered the 27 contractions. Combining this method with scaffolds, contracting cell sheets were formed with 28 organized architecture. With the addition of intestinal epithelial cells, this platform enabled at 29 least 9 types of cells from mucosa and muscularis to coexist and function. The method constitutes 30 a powerful tool for mechanistic studies of gut motility disorders and the regeneration of full-31 thickness engineered intestine. 32 3 In the small intestine, the mucosa processes partially digested food and absorbs nutrients while 33 the muscularis actuates the peristaltic flow to transport luminal content aborally. Gut motility is 34 central to its digestive and absorptive function. The intestinal muscularis contains various types 35 of cells: of these, smooth muscle cells, the enteric nervous system (ENS) 1,2 , and the pacemaker 36 interstitial cells of Cajal (ICC) 3 are three important players involved in the development of gut 37 motility. Recent studies on intestinal tissue engineering have highlighted the importance of 38 regenerating the functional intestinal muscularis [4] [5] [6] [7] [8] [9] . A variety of systems derived from different 39 cell sources, including pluripotent stem cells (PSC) 4-6 , embryonic stem cells (ESC) 7 and primary 40 tissue 8,9 , have been established to accomplish this goal and different contractile activities were 41 developed in these systems. Notably, spontaneous contractions have been generated in culture 42 systems that contained both ICC and smooth muscle cells 4,6,10-13 . In addition, electrical-induced 43 neurogenic contractions were also successfully produced 4,5,8 when ENS was introduced into 44 culture. In one of the most recent studies, both spontaneous contractions and electrical-induced 45 neurogenic contractions were developed in a PSC-based culture system 4 . 46 All of these approaches have substantially advanced the study of intestinal diseases and intestinal 47 regeneration, yet contractions similar to those observed in native tissue have not been generated 48 in reported in vitro culture systems. Freshly isolated intestinal muscle strips can display high- 49 frequency, continuous, spontaneous and periodic contractions with distinct physical 50 movements 14, 15 (Supplementary Video 1) . In this study, we sought to reproduce this type of 51 contraction in cell culture by developing a serum-free culture methodology for intestinal 52 muscularis cells (IMC). 53 4 IMC are cells isolated from the intestinal smooth muscle layers. As the cell source, IMC are 54 accessible from patients and contain specific cell types involved in gut motility. Current primary 55 cultures of IMC have significant limitations such that contractions of IMC in vitro have been 56 transient. The traditional medium for IMC culture is a serum-containing medium 8, 13, 16 , in which 57 smooth muscle cells rapidly de-differentiate and lose their contractility 17-19 while ICC 11 and ENS 13 58 do not survive in long term. The most common and already commercialized methods to re-59 differentiate smooth muscle cells are to reduce the amount of serum and to add heparin in 60 culture 20,21 . However, media developed through those methods are designed only for smooth 61 muscle cell monoculture and lack essential nutrients for other cells including neurons and ICC in 62 IMC. Various protocols have been developed to specifically culture primary smooth muscle cells 22 , 63 ICC 11,12 , or ENS 23 --or two of the three 24 in combination--but a single culture medium that 64 preserves all three in one system for an extended period is still lacking. In this study, we 65 developed such culture media and restored the spontaneous, rhythmic contractile function of 66 IMC. 67 Intestinal tissue engineering 25-27 and strategies of intestinal replacement require regeneration of 68 both functional epithelium and muscularis under defined serum-free conditions. When 69 combined with the culture technology of epithelium 28-31 , the new media here can support not 70 only cells from muscularis, but also at least 9 cell types from both mucosa and muscularis. While 71 epithelium-muscularis co-cultures have been described in other systems 4,6,7,32,33 , this is the first 72 primary-cell based epithelium-muscularis co-culture that has spontaneous, periodic contractions.
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Results
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From culture medium of mucosa to that of muscularis 75 We tested several medium formulations used to culture other muscle cells and also examined 76 the medium used for intestinal epithelial cell culture 28-31 (EC medium) for the development of 77 co-culture platforms. Interestingly, we found that EC medium supported the culture of IMC, with 78 the appearance of the neural network but without spontaneous contractions (Supplementary 79 Fig. 1 ). We hypothesized that the EC medium could be modified into a new formulation suitable 80 for IMC culture. We systematically removed one or more components of the EC medium, 81 assessed the resultant effects on cultured IMC contractility and discovered that epidermal 82 growth factor (EGF, a well-known stimulator of cell growth) in the EC medium prevented the IMC 83 regular contractions ( Supplementary Table 1 
Long-term spontaneous and periodic contractions of murine IMC
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The muscularis medium potently supported the spontaneous periodic contractions of IMC for 91 over two months. Murine IMC formed interconnected cell clusters in the muscularis medium, a 92 morphology different from that observed in the traditional serum medium (Fig. 1a) . as the typical fusiform shape and bundled microfilaments, indicating they were maintained at a 117 differentiated, contractile state ( Fig. 2a, b) . 118 The muscularis medium also effectively sustained ICC (c-Kit +3 ) which demonstrated different 119 morphologies. Some of the c-Kit + cells were dipolar, a morphology reminiscent of the shape of 120 intramuscular ICC; some of the c-Kit + cells were multipolar, similar to the morphology of 121 myenteric ICC 34 ( Fig. 2a, c) . Multipolar c-Kit + cells connected to each other and formed networks 122 ( Fig. 2a, c) . 123 The immunofluorescence of β-tubulin III 35 and GFAP 23,36 demonstrated that IMC in the muscularis 124 medium contained numerous neurons and glial cells (respectively). Together these cells 125 reconstituted key elements of ENS 1,34 , including ganglia-like structures, thick connective nerve 126 strands out from the ganglia-like structures, and individual nerve fibers probably innervating 127 smooth muscle cells ( Fig. 2a, d-f ). Again, neurons and glial cells with different morphologies were 128 observed in the muscularis medium. We observed both uniaxonal neurons (similar to Dogiel type 129 I morphology) and multipolar neurons (similar to Dogiel type II morphology) ( Fig. 2d ). In addition, 130 we were able to pinpoint four morphologically distinct subsets of glial cells 2 ( Fig. 2e) . 131 Different cell types were closely associated with each other (Fig. 2f) in the muscularis medium. 132 Ganglia-like structures, ICC networks, and mature smooth muscle cells together formed 133 periodically contracting intestinal muscularis complexes among the sheet of serosal mesothelial 134 cells ( Fig. 2f-g) . Over 2,000-μm-long neurites ( Fig. 2d) , along with processes from glial cells, built 135 large networks to connect these contracting intestinal muscularis complexes. Compared with the muscularis medium, expressions of MHC, c-Kit, and GFAP were either low or 137 totally absent in the traditional serum medium (Fig. 2a) . The expression of β-tubulin III existed at 138 the early time point in the serum medium but dramatically decreased with time ( Fig. 2a) . 139 The gene expression patterns examined by quantitative real-time RT-PCR further support the 140 presence of these various cell types. During the two-month culture, IMC in the muscularis 141 medium had consistently higher gene expression of mature smooth muscle cells (Myh11), ICC (c-142 Kit), neurons (Tubb3, Rbfox3) and glial cells (S100β, Gfap) than in traditional serum medium ( Fig.   143 3a). In both muscularis and serum media, cultured IMC maintained α-smooth muscle actin 144 (Acta2), a marker that appears in both mature and synthetic smooth muscle cell phenotypes 21 145 ( Fig. 3a) . In addition, the platelet-derived growth factor receptor alpha-positive (PDGFRα + ) cell is 146 another important cell type fundamental to the pacemaker activities in the intestine 3 . IMC in the 147 muscularis medium expressed high level of Pdgfra, suggesting the successful preservation of 148 PDGFRα + cells in the muscularis medium ( Fig. 3a) . Furthermore, different enteric neuronal 149 markers (Vip, Th, Calb1, Chat, Nos1, Fig. 3b ) were detected in the muscularis medium, indicating 150 notable neuronal diversity in the system. 152 To ascertain whether the neural network, ICC and smooth muscle cells contributed to the 153 contractions observed in the muscularis medium, several drugs targeting each were tested in 154 culture. The contractions were altered accordingly when smooth muscle cells were affected by 155 adding carbachol or sodium nitroprusside (SNP), suggesting the involvement of functional 156 smooth muscle cells in the contractile activity. The typical concentration of carbachol, a 9 cholinergic agonist, in murine intestinal smooth muscle studies ranges from 0.1 to 100 μM [37] [38] [39] . 158 Here we tested the effects of carbachol at 10 and 50 μM. Similar to previous observations 13,40-42 , 159 the addition of carbachol caused a tonic contraction (> 1 minute, Supplementary Video 7a (IMC, 160 short version for a quick view of the effect), 7b (IMC, full version)). The effects of carbachol on 161 IMC were similar to its action on muscle strips (Supplementary Video 7a-b, 8 (muscle strips)). In Fig. 4a, Supplementary Video 9) . 166 The Ca 2+ -activated Clchannel, Anoctamin 1 (ANO 1), is essential to the pacemaker activity of 167 ICC 44 . To determine whether the periodic contractions in the muscularis medium were ICC-168 dependent, we blocked ANO 1 channel by niflumic acid (300 μM 44 , a concentration effective for 169 murine intestine), which resulted in the inhibition of IMC contractions ( Fig. 4c, Supplementary   170 Video 10 (IMC)-11 (muscle strips)). 171 In addition, smooth muscle contractions result from intracellular Ca 2+ oscillations 45 Ca 2+ oscillations of the contracting cell clusters in the muscularis medium ( Fig. 4d, Supplementary   178 Video 12-13). During contraction, the physical movements of cells followed the influx of Ca 2+ with 179 10 a short delay (0.03-0.27 seconds, Supplementary Video 12). The Ca 2+ flux also propagated from 180 one part of the cultured IMC to another (Supplementary Video 13). Correlated contracting 181 clusters experienced the influx of Ca 2+ one by one ( Fig. 4e, Supplementary Video 13) . These 182 results support the role of ICC in the spontaneous contractions of IMC in the muscularis medium. 183 Next, to assess whether the contractions depended on neural signals, we applied the neural 184 blocker tetrodotoxin (TTX) to IMC in the muscularis medium. TTX blocks neural signals by binding 185 to the voltage-gated Na + channels 4 . It has been shown before that TTX at a concentration ≤ 10 186 μM can block the electrical or chemical-induced neurogenic contractions 4,39 , but not the ICC-187 involved spontaneous contractions 15, 46 . The spontaneous contractions of cultured IMC in the 188 muscularis medium and fresh muscle strips continued after the administration of 10 μM TTX, but 189 the frequency of the contractions was decreased ( Fig. 4f, Supplementary Fig. 3 , Video 14 (IMC)-190 15 (muscle strips)). At 400 μM, TTX terminated the contractions of cultured IMC but not fresh 191 muscle strips ( Fig. 4f, Supplementary Fig. 3, Video 14-15 ). The spontaneous contractions of 192 muscle strips were severely disrupted when the concentration of TTX reached at 1 mM 193 ( Supplementary Fig. 3, Video 15 ). The decrease of the contraction frequency with TTX at 10 μM more organized structure, we incorporated an aligned electrospun poly-caprolactone (PCL) sheet 201 into the culture system. The PCL sheets seeded with IMC periodically moved due to IMC 202 spontaneous contractions ( Fig. 5a, Supplementary Video. 16) . MHC + smooth muscle cells and β-203 tubulin III + neuronal plexus lined up along with the PCL fiber structure, while the ICC formed a 204 rudimentary network (Fig. 5b-c) . 205 Muscularis medium supported both epithelium and IMC 206 Additionally, when incorporating this method with the culture technology 28 of intestinal 207 epithelium, we found that the muscularis medium can support the co-culture of both epithelium 208 and functional IMC (Methods, Fig. 6a ). In conventional EC medium, the growth of epithelium 209 required exogenous EGF 28 . Without exogenous EGF and matrigel, almost no epithelial cells from 210 the crypts could proliferate (Fig. 6b) . Interestingly, when directly co-cultured with IMC, even 211 without exogenous EGF and matrigel, epithelium in the muscluaris medium did proliferate (Ki67 + 212 cells, Fig. 6b ), suggesting IMC could mediate the proliferation pattern of epithelium. In direct co-213 culture, the epithelium contained a variety of cell types including enterocytes (Vil1), goblet cells 214 (Muc2), enteroendocrine cells (ChgA), Paneth cells (Lyz1) and the epithelial stem cells (Lgr5, Fig.   215 6c, Supplementary Fig. 4a) . Immunofluorescence showed the co-expression of chromogranin A 216 (Chga), Mucin 2 (Muc 2), lysozyme (Lyz) and villin (Vil, Fig. 6d ). IMC in direct co-culture continued 217 to contract and expressed various markers of normal muscularis ( Fig. 6e, Supplementary Fig. 4b) . 218 Immunofluorescence further confirmed the presence of mature smooth muscle cells and the 219 network of ICC (Fig. 6f) . Neurons and glial cells in direct co-culture retained the histotypic 220 organization of the enteric ganglia-like structures, with interconnecting strands and dense mesh 221 12 of outgrowing processes (Fig. 6f) . In addition, serosal mesothelial cells also existed in co-culture 222 (Supplementary Fig. 5) . 223 IMC contractions also persisted in direct co-culture (Supplementary Video 17) . Epithelial cells 224 mechanically interacted with IMC. Driven by the stress gradient, epithelial cells in direct co-225 culture were periodically stretched by the contracting IMC that pulled the adjacent cells toward 226 themselves ( Fig. 6g, Supplementary Video 17) . The stress gradient was reflected by the non-227 uniform displacements within one epithelial cluster (Fig. 6h) . The degree of strain was affected 228 by the size of the epithelial structures and their relative location to the contracting IMC. 230 To realize the full potential of our new IMC system, we next investigated the capability of the 231 muscularis medium for human cells. We noted that N-acetyl-L-cysteine (Nac), one component in 232 the muscularis medium, can protect neurons against apoptosis 47 but induces apoptosis of 233 smooth muscle cells 48 . Though Nac in the muscularis medium did not bring substantial damage 234 of murine smooth muscle cells; for human smooth muscle cells, Nac considerably limited their 235 survival and consequently attenuated human IMC contractility (Supplementary Fig. 6 ). Upon 236 removal of Nac, human fetal and postnatal IMC in this new medium (human muscularis medium) 237 formed similar muscularis complexes with visible, spontaneous and periodic contractions ( Fig.   238 7a-b; Supplementary Fig. 7, Video 18) . The periods of contractions for human fetal IMC clustered 239 around 10-30 seconds at day 14 and 10-40 seconds at day 28 ( Fig. 7a-b) , which was similar to 240 those of human fetal muscle strips (Supplementary Video 18-19) . In addition, compared with 241 previous serum-containing media, the human muscularis medium also strongly supported the 242 13 growth of mature smooth muscle cells, ICC, neurons and glial cells ( Fig. 7c-e ). In this medium, 243 mature smooth muscle cells distributed throughout the whole culture area; neurons and glia 244 again co-localized to form structures reminiscent of the native myenteric plexus; network formed 245 by multipolar ICC were associated with the ganglia-like structures; while dipolar ICC resided along 246 with the smooth muscle cells (Fig. 7c-d) . Directly co-cultured human epithelium and IMC also 247 survived in human muscularis medium ( Fig. 7f-g) . IMC exhibited rhythmic contractions with 248 epithelium attached on top (Supplementary Video 20) . physical movements and 5) with a frequency closely resembling that of native smooth muscle 256 (murine at day 28; human fetal from day 14 to day 28; Fig. 1b-c, Fig. 7a, Supplementary Video 1-257 
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Role of ICC, neural networks and muscle in contractile activity
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Contractions of human IMC & human epithelium-IMC co-culture
3, 18-19).
For human postnatal IMC, contractions in the human muscularis media are 258 spontaneous, periodic, usually lasts for over 3 weeks, but slower than those associated with fetal 259 IMC. Researchers have shown that the frequency of contractions will increase when temperature 260 is raised 10 . In this report, all the contraction frequency tests, both for IMC and muscle strips, were 261 conducted at room temperature (22℃ to 25℃). Cells and tissues may contract faster at 37℃. For an extended period, all critical cell populations from intestinal muscularis, including mature 263 smooth muscle cells, "ENS" and ICC, not only survived but retained their histotypic morphology. 264 The discovery of neurons, glia and ICC with different morphologies implies that the (human) 265 muscularis media can preserve the microenvironment for regional specialization. Furthermore, 266 the formation of "ENS" that shares many common features with the native myenteric plexus 267 suggests that the muscularis media can also maintain the unique cell-cell associations within The serum-free muscularis media also offer a defined environment for mechanistic studies 276 (Supplementary Note 2, Video 21) . In the muscularis medium, different components in 277 combination displayed a potent synergistic effect on IMC contractility. While simpler 278 formulations of serum-free media can be used, the efficiency of periodic contractions was 279 reduced (Supplementary Note 1) . In particular, we observed a marked decline of c-Kit expression 280 when noggin, R-spondin1 and Y27632 were omitted (Supplementary Fig. 8 ), suggesting pathways 281 controlled by these three components may modulate the growth and maturation of ICC. 282 In combination with other biotechnologies, the applications of the method were substantially 283 extended. Particularly, with scaffolds, IMC can grow into the tissue model with more organized 284 15 architecture. With the culture technology of intestinal epithelium, the method supported at least 285 9 (human) or 11 (murine) different types of cells, including the Lgr5 + stem cells, enterocytes, 286 goblet cells, enteroendocrine cells, Paneth cells, smooth muscle cells, ICC, PDGFRα + cells, neurons, 287 glial cells and serosal mesothelial cells ( Fig. 6-7, Supplementary Fig. 5 ). Our culture system may 288 serve as a platform for more complex and comprehensive studies of other cell types as well. In 289 addition, peristalsis normally results in periodic waves of both muscularis and mucosa. The active 290 mechanical factor is crucial to normal tissue physiology but always missing in traditional culture 291 systems. Although the architecture of the co-culture requires further optimization, our co-culture 292 system has recapitulated the cyclic mechanical strains by the natural contraction of IMC and re-293 established this coupled mechanical relation between epithelium and muscularis. Previous 294 studies have provided many effective approaches for achieving the correct architecture of 295 epithelium-muscularis co-culture 4,32,33,50 , which can be adapted to further improve our co-culture 296 system. 297 In summary, this is the first report of a platform that successfully maintains long-term 298 spontaneous and periodic contractions of primary-cultured IMC in defined, serum-free 299 conditions. The method can be broadly used and may ultimately assist in the full-thickness epithelial structures or crypts were seeded on IMC. Co-culture was maintained in a 37˚C 393 incubator with 5% carbon dioxide for 4 days. IMC (for 25 days) alone or epithelium alone with 394 Matrigel (for 4 days) in the muscularis (murine cells) or human muscularis (human cells) medium 395 were also cultured in the same condition as controls. For the image on the right in Fig. 6b , 396 epithelium alone was cultured for 4 days in the muscularis medium without Matrigel. (Supplementary Fig. 9a) . When cells were relaxed, the size of cell clusters extended, the 413 density of the cells decreased, and the clusters became dim, i.e. a decrease of the fluorescence 414 21 intensity in ROIs (Supplementary Fig. 9a ). If cells were not contracting, no obvious intensity 415 change could be detected. For non-GFP cells, contractions were recorded under phase contrast 416 mode (black and white). In contrast to GFP + cells, non-GFP cell clusters in contraction state 417 demonstrated a more compact and darker formulation than that in relaxation state, leading to a 418 decrease in intensity (darker image, Supplementary Fig. 9b) . In some rare cases, ROIs were 419 selected at the periphery of contracting clusters and intensity in these ROIs changed when the 420 cell clusters contracted to reveal the background underneath (Supplementary Fig. 9c ). The 421 averaged intensity value within ROIs for each frame was calculated and compared to that from 422 the first frame in each stack to generate a normalized intensity profile. A Fast Fourier Transform 423 (FFT) was performed on the average intensities for each region of interest in the temporal domain. 424 Contraction frequency was then identified as the frequency response with the largest magnitude, 
